ABSTRACT.
To study splice site selection in alternative RNA processing we used the human Calcitonin\CGRP-I (CALC-I) gene. Expression of the CALC-I gene in thyroid C-cells results predominantly in calcitonin (CT) mRNA (containing exons 1 to 4) whereas CGRP-I mRNA (containing exons 1,2,3,5 and 6) is the exclusive product in particular nerve cells. We previously reported that a model precursor RNA containing the exon 3 to exon 5 region is predominantly processed into CGRP-I mRNA in vitro using nuclear extracts of three different cell types. To study CT specific processing in Hela cell nuclear extracts we have used precursor RNAs corresponding to the exon 3 to exon 4 region containing only CT specific processing signals. Recognition of the 5' splice site depends on base pairing of nucleotides at the 5' splice site with the RNA moiety of Ul snRNP, but additional factors are probably required for precise cleavage ( 1 5 , 2 1 -2 4 ) . For binding of the U2 snRNP to the branch point region base pairing between U2 snRNA and the branch point region has also been proposed, but the loosely defined metazoan branch point sequence does not support this model ( 9 , 2 5 ) . Recently, several protein factors that bind to the 3' splice site were identified and one of them, U2AF, has been proposed to be required for the U2 snRNP branch point interaction ( 2 6 -2 8 ) . Recognition of the invariable UACUAAC sequence in S.cerevisiae has been shown to be at least partly mediated by base pairing to the RNA moiety of the U2 snRNP equivalent (25).
In spite of our increasing knowledge about RNA splicing, the precise mechanism of splice site selection in general and in alternative splicing in particular is still unclear ( 2 4 , 2 9 -3 1 ) . We have studied splice site selection in alternative RNA processing of the human CALC-I gene ( 3 2 , 3 3 ) . The human as well as the rat CALC-I gene can be alternatively expressed into CT mRNA (containing exons 1 to 4 and a poly(A)-tail at exon 4) in thyroid C-cells and into CGRP-I mRNA (containing exons 1,2,3,5 and 6 and a poly(A)-tail at exon 6) in particular nerve cells ( 3 2 -3 6 ) . Analysis of the processing of the CALC-I precursor RNA in vivo, in human Medullary Thyroid Carcinoma (MTC) revealed the accumulation of a 3.3 kb RNA intermediate, which is poly adenylated at exon 6 and contains the spliced exons 1 to 3, intron 3 -exon 4 -intron 4 and the spliced exons 5 and 6 (37). This 3.3 kb RNA species is supposed to be the main target for factors involved in the regulation of alternative processing. It has been proposed that CT specific splicing is the normal option for a cell whereas CGRP-I specific splicing reguires a neuron specific splice commitment factor ( 3 8 , 3 9 ) . However, we recently reported that in vitro processing of model precursor RNAs results predominantly in CGRP-I mRNA in nuclear extracts of PC12-EwinglB-and Hela cells ( 4 0 . 4 1 ) . PC12 and Ewing IB are of neural origin and are expected to perform CGRP-I specific splicing ( 3 9 , 4 2 ) . The finding that CGRP-I mRNA is also the main product formed in extracts of Hela cells was unexpected, since they are not of neural origin. Based on these results we hypothesized that efficient CT specific splicing requires the inactivation of the dominant CGRP-I specific 3' splice site, which can be achieved most definitely by means of cleavage and poly(A) addition at the poly(A) site at exon 4. This paper deals with the characterization of CT specific splicing in vitro using RNA substrates lacking the dominant CGRP-I specific 3' splice site in intron 4. By using these RNA precursors CT specific splicing is enhanced, although the overall efficiency of the reaction is rather low. This low efficiency of the exon 3 to exon 4 (E3-E4) splice may be due to the usage of an unusual branch acceptor nucleotide in CT spec ific splicing. 
MATERIALS AND METHODS

RESULTS.
RNA precursors used to study CT specific splicing in vitro. To study exclusively CT specific splicing of the human CALC-I transcript in vitro we prepared RNA precursors which contained splice, but display the same k i n e t i c s and a n o m a l o u s m o b i l i t y (figure 2 ) . RNAs 2 and 3 were isolated together and a n a l y s e d with the d e b r a n c h i n g assay. e x p e r i m e n t s , that b e s i d e s the u r i d i n e r e s i d u e at p o s i t i o n -2 3 ,  t h e g u a n o s i n e r e s i d u e at p o s i t i o n -2 4 and t h e a d e n o s i n e  r e s i d u e  at p o s i t i o n -3 2 are u s e d as m i n o r b r a n c h a c c e p t o r n u c l e o t A > G m u t a t i o n s s t r o n g l y i n h i b i t e d the s e c o n d s t e p of t h e s p l i c i n g  r e a c t i o n . A l t h o u g h we o b s e r v e a s l i g h t a c c u m u l a t i o n of s p l i c i n g  i n t e r m e d i a t e s , i n d i c a t i n g that the s e c o n d s t e p is l e s s e f f i c i e n t  t h a n the first o n e , the i n h i b i t o r y e f f e c t 3 ) . The r e l a t i v e r e s i s t a n c e to d e b r a n c h a s e in v i t r o is c h a r a c t e r i s t i c for l a r i a t R N A s c o n t a i n i n g a b r a n c h at a n u c l e o t i d e o t h e r t h a n an a d e n o s i n e r e s i d u e ( 4 9 -5 2 ) .
To c h a r a c t e r i z e the p u t a t i v e lariat RNAs 1 and 5 in more detail d e b r a n c h i n g e x p e r i m e n t s were
After d e b r a n c h i n g , a single, extra RNA s p e c i e s of 620 n u c l e o t i d e s is present which, with respect to the e l e c t r o p h o r e t i c m o b i l i t y , cannot be d i s t i n g u i s h e d from the d e b r a n c h e d lariat RNA 1 (figure 3 ) . We also d i s c e r n e d extra RNA species (RNAs 7, not i n d i c a t e d ) with a slightly faster m o b i l i t y than the product lariat RNA 5 late in the time c o u r s e at longer e x p o s u r e times. These results suggest the e x i s t e n c e of at least one, but p o s s i b l y two, other lariat RNA s p e c i e s i n v o l v e d in the E3-E4 s p l i c e . L o c a l i z a t i o n of the branch p o i n t ( s ) used in the E3-E4 s p l i c e . To localize the branch a c c e p t o r n u c l e o t i d e used in the s p l i c i n g reaction of exon 3 to exon 4, p r e c u r s o r RNA d I 3 I 4 -B was spliced on a p r e p a r a t i v e scale. The two major lariat RNAs 1 and 5 were isolated and s u b j e c t e d to primer e x t e n s i o n a n a l y s i s . It is known that primer d i r e c t e d reverse t r a n s c r i p t i o n on b r a n c h e d RNAs results in a s p e c i f i c stop at the residue p r e c e d i n g the branch point ( 1 1 ) . R e v e r s e t r a n s c r i p t i o n of primer E4 h y b r i d i z e d to RNA 1 resulted in a strong stop at the n u c l e o t i d e p r e c e d i n g the
a n a l y s i s on the p u r i f i e d R N A s 2 + 3 a n d 7. R e v e r s e t r a n s c r i p t i o n of R N A 7 u s i n g the 13 p r i m e r r e s u l t e d in a s p e c i f i c s t o p at the n u c l e o t i d e p r e c e d i n g the a d e n o s i n e r e s i d u e at p o s i t i o n -32 ( f i g u r e 5 ) . We w e r e not a b l e to d e t e r m i n e u n a m b i g u o u s l y a s t o p w i t h E4 d i r e c t e d r e v e r s e t r a n s c r i p t i o n on R N A s 2 + 3 , w h i c h is p r e s u m a b l y d u e to the low a m o u n t of t h e s e R N A s p e c i e s p r e s e n t in the e x p e r i m e n t . T h e s e r e s u l t s i n d i c a t e , t o g e t h e r w i t h t h o s e o b t a i n e d f r o m the d e b r a n c h i n g and t i m e c o u r s e s p l i c i n g
i d e s in t h e E 3 -E 4 s p l i c e . E f f e c t of v a r i a t i o n s of t h e r e a c t i o n c o n d i t i o n s a n d of d i f f e r e n t R N A s u b s t r a t e s on the e f f i c i e n c y of t h e E 3 -E 4 s p l i c e . In c o m p a r i s o n to the C G R P -I ( E 3 -E 5 ) s p l i c e and to s p l i c i n g of a c o n t r o l a d e n o v i r u s RNA ( A d 2 , ML E 1 -E 2 ) the e f f i c i e n c y of the E 3 -E4 s p l i c e is r a t h e r low. As i n d i c a t e d by the s l i g h t a c c u m u l a t i o n of the i n t e r m e d i a t e s of the E 3 -E 4 s p l i c e , t h i s is e s p e c i a l l y the c a s e w i t h r e s p e c t to the s e c o n d s t e p of the s p l i c i n g r e a c t i o n ( f i g . 2 ) . In o r d e r to s t u d y the e f f i c i e n c y of the E 3 -E 4 s p l i c e , s e v e r a l v a r i a t i o n s in the s p l i c i n g c o n d i t i o n s as w e l l as d i f f e r e n t R N A s u b s t r a t e s w e r e t e s t e d . V a r i a t i o n of the M g 2 + -, m o n o v a l e n t c a t i o nor n u c l e a r e x t r a c t c o n c e n t r a t i o n in the s p l i c i n g r e a c t i o n d i d not result in a m o r e e f f i c i e n t s e c o n d s t e p of the r e a c t i o n , as w a s d e t e r m i n e d by t h e r a t i o b e t w e e n the a m o u n t of s p l i c i n g i n t e r m e d i a t e s and p r o d u c t s (not s h o w n ) . T h e E 3 -E 4 s p l i c e p r o c e e d s o p t i m a l l y in the p r e s e n c e of 3mM M g 2 + , 4 0 -5 0 m M KC1 and 6 0 % of n u c l e a r e x t r a c t . F u r t h e r m o r e we t e s t e d the p r e c u r s o r R N A s d I 3 -N a n d E 3 4 5 -B , w h i c h d i f f e r f r o m R N A d I 3 I 4 -B by t h e p r e s e n c e of the p o l y ( A ) a d d i t i o n s i g n a l at e x o n 4 and by the p r e s e n c e of t h e c o m p l e t e i n t r o n 3 s e q u e n c e r e s p e c t i v e l y ( f i g u r e 1 ) . I n c u b a t i o n of R N A d I 3 -N in H e l a cell n u c l e a r e x t r a c t s s h o w e d a s p l i c i n g r e a c t i o n a n a l o g o u s in e f f i c i e n c y to t h e E 3 -E 4 s p l i c e o b t a i n e d w i t h R N A d I 3 I 4 -B (not s h o w n ) . T h e E 3 -E 4 s p l i c e a l s o p r o c e e d e d w i t h R N A E 3 4 5 -B , a l b e i t w i t h a lower e f f i c i e n c y w h i c h is p r e s u m a b l y d u e to t h e l e n g t h of the i n t r o n (not s h o w n ) . A l t h o u g h we did not c h a r a c t e r i z e t h e a c t u a l b r a n c h p o i n t s in t h e s e c a s e s , the i d e n t i c a l p a t t e r n of l a r i a t i n t e r m e d i a t e s o b s e r v e d w i t h RNA d I 3 -N s u g g e s t s that the s a m e b r a n c h a c c e p t o r n u c l e o t i d e s a r e u s e d . D I S C U S S I O N . CT s p e c i f i c s p l i c i n g of e x o n 3 to e x o n 4 in v i t r o . R N A s u b s t r a t e s c o n t a i n i n g the e x o n 3 to e x o n 5 r e g i o n of the C A L C -I g e n e a r e p r e d o m i n a n t l y p r o c e s s e d i n t o C G R P -I s p e c i f i c m R N A in n u c l e a r e x t r a c t s of t h r e e d i f f e r e n t c e l l t y p e s ( 4 0 , 4 1 ) To s t u d y the C T s p e c i f i c s p l i c i n g r e a c t i o n in v i t r o we h a v e u s e d p r e c u r s o r R N A s that c o n t a i n e d o n l y the C T p r o c e s s i n g s i g n a l s . CT s p e c i f i c s p l i c i n g of e x o n 3 to e x o n 4 w a s o b s e r v e d u s i n g t h e s e R N A s u b s t r a t e s and H e l a c e l l n u c l e a r e x t r a c t s . The c h a r a c t e r i z a t i o n of the l a r i a t R N A s of t h e E 3 -E 4 s p l i c e r e v e a l e d a n u m b e r of i n t e r e s t i n g f e a t u r e s , in p a r t i c u l a r the u s a g e of the u r i d i n e r e s i d u e at p o s i t i o n -2 3 as t h e m a j o r b r a n c h a c c e p t o r n u c l e o t i d e a n d the g u a n o s i n e r e s i d u e at p o s i t i o n -2 4 as o n e of the m i n o r b r a n c h a c c e p t o r n u c l e o t i d e s . T h e f i n d i n g that the m a j o r b r a n c h p o i n t is a u r i d i n e r e s i d u e is s t r i k i n g , s i n c e all b r a n c h p o i n t s m a p p e d so f a r , e x c e p t for i n t r o n 1 of t h e hGH g e n e , a r e a d e n o s i n e r e s i d u e s ( 1 , 2 , 4 9 ) . M u t a t i o n of the a u t h e n t i c b r a n c h p o i n t in (J-globin and a d e n o v i r u s p r e -m R N A s a l s o s h o w e d that an a d e n o s i n e r e s i d u e ii not s t r i c t l y r e q u i r e d for l a r i a t f o r m a t i o n ( 5 0 , 5 1 ) . H o w e v e r , all t h e s e m u t a t i o n s had p r o n o u n c e d e f f e c t s on the e f f i c i e n c y of s p l i c i n g , e s p e c i a l l y t h e A > U and
T h e fact that the p r e v i o u s l y c h a r a c t e r i z e d l a r i a t i n t e r m e d i a t e of the E 3 -E 4 s p l i c e of R N A d I 3 I 4 -E a l s o e x h i b i t s a l i m i t e d rate of d e b r a n c h i n g s u g g e s t s that t h e s a m e , u n u s u a l b r a n c h a c c e p t o r n u c l e o t i d e s are u s e d ( 4 0 ) . T h e a b s e n c e of the d o m i n a n t C G R P -I s p e c i f i c s p l i c e s i t e in i n t r o n 4 has g r e a t l y e n h a n c e d the E 3 -E 4 s p l i c e ( 4 0 ) . H o w e v e r , in c o m p a r i s o n to the E 3 -E 5 s p l i c e and a c o n t r o l a d e n o v i r u s p r e c u r s o r R N A the e f f i c i e n c y of the E 3 -E 4 s p l i c e is s t i l l r a t h e r low ( 4 0 ) . T h e r e s u l t s o b t a i n e d w i t h the d i f f e r e n t R N A s u b s t r a t e s as w e l l as t h o s e o b t a i n e d by v a r y i n g the r e a c t i o n c o n d i t i o n s s u g g e s t
that the low e f f i c i e n c y of t h e E 3 -E 4 s p l i c e is an i n t r i n s i c p r o p e r t y of CT s p e c i f i c s p l i c i n g in v i t r o , a n d m a y be a c o n s e q u e n c e of the u s a g e of the u r i d i n e r e s i d u e as t h e m a j o r b r a n c h p o i n t .
It is t e m p t i n g to s p e c u l a t e about the c o n s e q u e n c e of our f i n d i n g s for t h e a l t e r n a t i v e , t i s s u e s p e c i f i c p r o c e s s i n g of t h e C A L C -I p r e -m R N A . U s a g e of a u r i d i n e r e s i d u e as a b r a n c h p o i n t m a y n e g a t i v e l y i n f l u e n c e 3' s p l i c e s i t e s e l e c t i o n a n d s u b s e q u e n t s M u t a t i o n a l a n a l y s i s of t h e b r a n c h p o i n t r e g i o n of i n t r o n 3 m a y e l u c i d a t e t h e r o l e of the n u c l e o t i d e at t h e b r a n c h p o i n t in t i s s u e s p e c i f i c , a l t e r n a t i v e C A L C -I p r e -m R N A p r o c e s s i n g . I n v o l v e m e n t of b a s e p a i r i n g b e t w e e n U2 s n R N A a n d t h e b r a n c h p o i n t s e q u e n c e in b r a n c h p o i n t s e l e c t i o n . formed at a uridine residue, while multiple adenosine residues are present within appropriate distance from the 3' splice site. In case of the hGH pre-mRNA splicing, lariat formation occurred on a cytidine residue at position -28 and two uridine residues at positions -22 and -36 respectively, but there are no adenosine residues present within 56 nucleotides preceding the 3' splice site (49). In the closely related hCS3 RNA a single adenosine residue, present at position -22 in the otherwise almost identical intron, is exclusively used as the branch acceptor nucleotide (49).
T h e m a j o r l a r i a t R N A i n v o l v e d in the CT s p e c i f i c s p l i c i n g of e x o n 3 to e x o n 4 is t h e f i r s t e x a m p l e in w h i c h t h e b r a n c h is
This raises the question why the uridine residue at position -23 in intron 3 of the CALC-I RNA is so attractive for lariat formation. Clearly, its position is within the known distance constraint of branch points and the flanking sequence UACUGUC matches the loosely defined mammalian consensus sequence PyXPyUPuAPy with exception of the underlined branch point. However, it is more striking that this flanking sequence strongly resembles the highly conserved yeast branch point sequence UACUAAC. Recently genetic evidence was obtained that in S.cerevisiao this branch point region forms base pairs with the yeast equivalent of U2 snRNA (LSR1 or snR20) (25). The structure of this yeast U2 snRNA has been determined and it has been shown that 80 nucleotides at the 5' end are 75% homologous to the mammalian U2 snRNA (54). The GUAGUA sequence, responsible for base pairing with the branch point region, is located in this homologous region and is 100% conserved between both U2 snRNAs. The strong conservation between the 5' 80 nucleotides of the yeast U2 snRNA and the mammalian U2 snRNA is in contrast to the loosely defined mammmalian branch point sequence. In order to explain the predominant usage of the uridine residue as the site of lariat formation in the CT splicing, we compared the base pairing of the flanking sequence of the uridine residue at position -23 and the adenosine residues at positions -17,-27 and -32 with the U2 snRNA sequence GUAGUA ( 
